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ABSTRACT 
The goal of this thesis was to design, develop and characterize a non-destructive method 
to assess the mechanical properties of clear hydrogels using information from the 
depolarized scattering of focused light.   There are currently no published commercially 
available systems with the ability to monitor remotely the crosslinking density of 
hydrogel systems.  This new system will allow for accurate in-process monitoring and 
process optimization without the loss of product.  The optical system developed uses 
inexpensive off-the-shelf components and measures the relative intensity, a qualitative 
measure that is correlated to the crosslinking density of ionically (Ca2+) crosslinked 
alginate gels.  The incident laser (685 nm wavelength) is vertically polarized while the 
scattered light is collected after having been horizontally polarized   The crosslinked 
sections of hydrogels, are structures where the local index of refraction varies when 
observed from different directions, that is they exhibit optical anisotropy.  Depolarized 
light scattering is a sensitive measurement method for the investigation of systems 
exhibiting local anisotropy, such as macromolecules and liquid crystals.  The polarized 
light is scattered from both isotropic and anisotropic structures within the media, and by 
measuring the depolarized light, the contribution of the anisotropic structures can be 
separated and assessed.  We have used as a model hydrogel system sodium alginate 
hydrogels crosslinked by Calcium ions (in the form of CaCl2). The scattered depolarized 
light intensity is related to a “flow index”, a measure of apparent viscosity, and is directly 
xvi 
 
related to the crosslinking density of the gel structure.  The final designed system is 
sensitive to 1% changes in alginate concentration and .1% changes in calcium ion 
concentration.     
xvii 
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1. BACKGROUND 
 
1.1 Objective 
The goal of this research is to design and develop a non-destructive optical method to 
characterize hydrogels and crosslinked polymers.  The method must be able to be 
integrated into the manufacturing process of the material.  There is currently no 
commercially available or published system that meets these criteria.  The optical system 
employees a 685nm near infrared laser, therefore the samples remain undamaged.  We 
were constrained to using a CCD camera to measure the intensity and alginate gels were 
the gels available to characterize the optical system.  The materials should be off-the-
shelf and not be too expensive.  Simple image analysis is employed to obtain a relative 
intensity from the CCD image.  The optical data are correlated to “melt flow index”, a 
measure of apparent viscosity.   
1.2 Polymers Used 
The primary testing of the proposed experimental setup has been performed on 
alginate pastes.  Alginate pastes, as described by US Patent 2,635,067, are hydrogels that 
are loosely crosslinked and display viscous behavior.  Alginates are nontoxic, 
nonimmunogenic biodegradable polysaccharide polymers derived from brown algae and 
seaweed.  They consist of (1 - 4) linked b-D-mannuronate (M) and C-5 epimer a-L-
guluronate (G) acids (Moresi 2007).  The structure has regions described by their acid 
content, M blocks, G blocks or MG blocks, Figure 1.  Alginate forms a thick stable gel 
when divalent cations such as Ca2+, Mg2+, Sr2+ and Ba2+ crosslink the guluronate sections.  
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Gelation can be performed at ambient temperatures, lower temperatures (~4C) will slow 
the process.   Calcium chloride, and therefore calcium ions were used in gel preparations 
for testing the proposed experimental setup.   
The structure of the crosslinked alginate polymer is described as the “egg-box” 
model, where the calcium ion sits in a box of four G units, Figure 1.  Sodium alginate, the 
type used in these experiments, is a powder at room temperature and is a viscous liquid 
when mixed with water or saline in the concentrations studied ~1% - 5%.  The addition 
of Ca2+ in the form of CaCl2 or CaSO4, crosslinks the solution which thickens it into a 
paste or solidifies it into a stiff gel.  As the CaCl2 or CaSO4 ionizes is solution, diffusion 
brings the Ca2+ to the G units.  Since the G blocks contain the sites for crosslinking, 
alginate with high G content results in higher viscosity gels.  Differences in M and G 
content as well as organization can be attributed to the source algae from which the 
alginate is derived and govern the mechanical properties.  Previous studies have shown 
that the gel microstructure and mechanical properties depend on calcium chloride 
concentration, gelling time, intrinsic viscosity and molecular weight of the alginate and 
alginate concentration (McEntee 2007).   
Alginates are used in pharmaceuticals, textile, food and dairy industries (Fatima 
2007) with applications ranging from food thickeners to control delivery devices.  
Natural products such as alginates have chemical structure depending on the age of the 
material, its’ source and the industrial process by which they were extracted and purified.  
Alginate to be used in pharmaceutical and food applications must be purified of bacteria 
and plant waste and byproducts.  Depending on the type of industrial application used to 
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extract the alginate, harmful chemicals may need to be removed.  The alginate used to 
test the optical system is lab grade, below pharmaceutical grade. Rinaudo et al (2004) 
described the need for such a system saying complete, fast characterization is needed for 
consistent product but is often too expensive and time consuming.  
 
Figure 1: Egg-box model 
Alginate in the presence of divalent cations does not form pinpoint ordered 
crosslinks, but rather sections of crosslinks and sections of loose alginate.  The 
persistence length of the G sections (the average length of repeated G units), governed by 
a low M/G ratio, and affects the strength of the gel.  Ionically crosslinked alginate gels 
are considered non-equilibrium systems with behavior governed by kinetics rather than 
thermodynamics (Webber 2004).  Because of this, the production and testing for the 
proposed testing system measured the alginate samples at ambient room temperature.  
Previous methods for producing alginate gels with CaSO4needed to be gelled at 4C to 
slow the process, but crosslinking with CaCl2does not require low temperatures.  The 
calcium ions are held stronger in the CaCl2complex, so the gelation can happen slowly 
and is governed by diffusion.  Slow gelation tends to make a more homogeneous gel.  It 
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is possible to achieve homogeneous solutions using CaSO4 and other sources, but 
vigorous mixing or other complex methods are required.  
 
Figure 2: Ionic crosslinking and gelation in sodium alginate.  Many Ca++ ions participate in each junction 
(Webber 2004).  After the addition of calcium, the crosslinked sections are visible in this figure.  It is these 
crosslinked sections that will be used to scatter light and characterize the gel.   
There are other methods for producing gels from alginate which include using 
other calcium salts, specialized delivery methods, other ions and acid treatment.  When 
using other calcium sources, calcium sequestering solutions are used to slow gelation and 
produce homogeneous gels.  While using CaSO4, TSMP or D-glucono-delta-lactone 
(GDL) can be mixed with the alginate solution before addition of the calcium source.  
Solutions of alginate can produce acid gels as low pH.  By slowly adding hydrolyzing d-
glucono-delta-lactone (GDL), alginic acid gel is formed and is theorized to be stabilized 
by intermolecular hydrogen bonds.   
Alginate gels can also be produced by chemical crosslinking.  In this gel, the 
carboxylic acid and hydroxyl groups form covalent chemical crosslinks with introduced 
esters in the form of water-soluble carbodiimide (Bu 2004).  Mechanical testing shows 
that the physical properties depend strongly on the crosslink density, and moderately on 
the type of crosslinking agent.  Chemically crosslinked alginate gels tend to be more 
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brittle with higher elastic modulus.  Chemically crosslinking alginate is labor consuming 
because it requires modification of the alginate and synthesis of a crosslinker.  The Ugi 
multi-component condensation reaction is simpler than other chemical crosslinking 
methods, and can be used to immobilize enzymes to the gel structure (Bu 2004).  The Ugi 
method was not used in the work due to laboratory and time limitations but may be used 
in the future.  It would be interesting to see how the proposed measuring system handles 
gels with different types of crosslinking, hydrogen bonds, ionic and covalent.   
Ionically crosslinked alginates are viscoelastic gels.  The viscoelastic behavior is 
due to the ability of the ionic crosslinks to dissipate deformation energy by step-wise 
decrosslinking.  Covanlently crosslinked alginates are more brittle with two orders of 
magnitude lower work to fracture than ionically crosslinked alginate gels (Webber 2004).   
Gelatin gels were tested to show that the proposed test system is applicable to 
other translucent gels.  Gelatin is used as an emulsifier in pharmaceutical, food, 
photography and cosmetic manufacturing.  Like alginate, gelatin is a natural polymer but 
it is derived from the connective tissues, skin and bones of animals.    Chemically 
crosslinked gelatin uses metal salts, gluteraldehyde, aldyhide sugars, genipin and other 
reagents, but can also be crosslinked thermally.  Thermally crosslinked gelatin is formed 
by melting gelatin powder with water then cooling it, forming bonds with free amino 
acids.  Gelatin gels are thermoreversable gels and a crystalline triple-helical structure like 
collagen is said to act as a physical crosslink site or junction zone (Oikawa 1993).   
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1.3 Destructive Measurement Techniques 
1.3.1 Rheological Characterization 
Rheology is the study of the deformation and flow of a material under applied 
stress.  Rheology ascribes continuum mechanics theories to materials governed by 
microscopic interactions.  By studying the macro-mechanical properties, predictions are 
made about the molecular size and structure of the material.  Classical characterization of 
polymers includes viscosity and shear rheology which measures the deformation caused 
by shear stress.  Rheometers and viscometers are used to characterize polymers, but they 
come at a high price.  A standard lab table top Brookfield digital rheometer from Fisher 
scientific (www.fisher.com) will cost about $4,000.  A lab cone and plate rheometer, 
which measures shear rheology will cost over $5,000.   A Thermo Scientific Haake 
Viscotester VT6 and VT7 are rotational viscometers that only give information about the 
viscosity also cost between $4,000 and $5,000.   
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Figure 3: Thermo Scientific Haake Viscotester VT6 Plus and VT7 Plus Rotational Viscometers - $4,000-$5,000.  ISO 
2555 and many ASTM* standards. Measures the torque resistance of a test substance at a preset speed; the higher the 
resistance to the substance, the higher the viscosity. Measurements are 100% compatible to the Brookfield method. 
 
In addition to the high cost of both the Brookfield and the Thermo (Figure 3), 
both are destructive tests that use large quantities of the polymer solution.  Alginate and 
gelatin are relatively inexpensive and the traditional methods for rheological 
characterization can be justified for a large company.  When measuring the properties of 
more expensive materials used for tissue engineering like collagen, these methods are 
wasteful of product and profit.   Small companies and university research facilities may 
not be able to support such methods for quality assurance.  As tissue engineering 
concepts approach pre-clinical and clinical tests, the need for accurate non-destructive 
testing of material becomes more critical.  There is a need for inexpensive, non-
destructive accurate characterization of polymer material.  The experimental set-up 
8 
 
proposed here attempts to fill that need.   In addition, rheology requires a model to link 
crosslink density to the data collected and can only give an indication of the material’s 
uniformity.  Theories for rheology assume a uniform isotropic material.  Optical methods 
can “see” non-invasively non-uniform structures.   
A cone and plate rheometer is typically used to characterize gels.  A sample is 
placed on the bottom plate.  A shallow cone whose angle is on the order of 1deg is lower 
onto the sample.  The bottom plate is rotated or oscillated and the force on the cone is 
measured.  The force that is measured is the torsion, the torsion and the degree of twist 
allow for the calculation of the shear stress.  Figure 4 shows a close up of the cone and 
plate apparatus, while Figure 5 is an example of the two types of laboratory table top 
rheometers.  Figure 6 is a floor oscillating disk rheometer used to accurate quality 
assurance, models like this can cost upwards of $100,000.   
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Figure 4: Brookfield cone and plate set up for rheometry.   
 
Figure 5: Table-top rheometer with cylinder measuring system (left) and cone/plate measuring system (right).  
Cylinder measuring system is designed for solid materials and the cone and plate system is for liquids and gels.  
http://en.wikipedia.org/wiki/Rheometer  
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Figure 6: Full oscillating disk rheometer .  This is a low noise, high accuracy machine.  Models like this can 
reach $100,000 or more.  http://www.worldoftest.com/rheometer.htm  
Dynamic rheology can investigate the storage (G’) and loss (G’’) modulus of 
viscoelastic fluids.  The storage modulus represents the elastic contribution while the loss 
modulus represents the viscous contribution to the response.  The modulii are measured 
by placing samples between parallel plates.  The samples are placed under oscillating 
shear stress and the reaction force is measured.  Solid materials are measured under linear 
stress, but melts, gels and liquids are measured under shear.  Dynamic rheological 
measurements by Manojlovic et al (2006) were preformed on 1-4% alginate crosslinked 
with 1.5% CaCl2.  They were not able to determine the viscosity of alginate and water 
below 2% alginate due to the limitations of the instrument of 1 Pas.   
Gelation occurs at the point where the storage modulus and the loss modulus intersect.  
This means the elastic component has over taken the loss modulus as the defining 
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property of the material.  The dynamic rheological study showed that high ratio of Ca 
(Na-G:Ca++=4) to alginate resulted in gelation after 40min.  Low Ca:alginate ratio did 
not gel over the time that they were tested (1hr), but Figure 7 can be extrapolated and a 
low ratio of 8.5:1 G units to Ca++ ions would gel at 1.5 to 2hrs.  The other possibility is 
that the solution would remain a semi-crosslinked viscous solution.  The paper states that 
the molar ratio of 4:1 G units to Ca ions theoretically provides complete gelation, which 
agrees with the egg-box model visual in Figure 1.   
 
Figure 7:  Gelation kinetics of 2% (w/w) Na alginate: storage (G_) and loss (G__) moduli at 6.28 rad 
s−1 and at 20 ◦C vs time, after adding CaCl2 in molar ratios of G units to Ca2+ ions of 8.5:1 and 4:1 
(data represent averages of n = 3; STD = ±6%).  
 
1.3.2 Real-Time Measurements  
McAfee and McNally (2006) attempted to examine issues associated with real-
time measurements of viscosity in a single screw extruder.  Most polymer production 
processes require extrusion, and behavior during extrusion can be complex and 
unpredictable.  The variability introduced by this process should be monitored so 
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adjustments can be made to keep the product within specification.  An inline method for 
monitoring extrusion behavior would reduce energy consumption, monitor variations and 
allow process optimization.  It would also increase the ability to use recycled materials 
because the input operating conditions (screw speed and barrel temperature profile) can 
be adjusted to maintain a consistent product.  Monitoring mechanical properties is an 
effective way to characterize the product, but the testing process requires material to be 
destroyed, cannot be real-time or fully reproduce operating conditions and incurs long 
lead times causing adjustments to be delayed by hours.   
Inhomogeneities in the polymer product can greatly affect resultant gels and 
tissue scaffolds.  Errors in production need to be monitored and corrected as soon as 
possible, especially with expensive new materials.  Inline rheometry will allow for a 
more controllable product, saving time, energy, resources and money.  To date, no inline 
rheometry system shows clear benefits.  A paper by McAfee et al (2006) studies both 
“on-line” and “in-line” instruments.  ‘On-line’ devices are commercially available and 
draw samples from the main polymer stream to a side capillary for continuous sampling.  
There is however, a significant delay between the sample and the measurement, causing 
the corrections to be too slow to be effective.  ‘In-line’ rheometers measure the viscosity 
of the whole stream between the screw and the die.  These are mainly used in small 
productions because the cross section of the die is limited by the measurement process.  
Attempts to solve this problem of measuring viscosity during production have 
been numerous.   Examples range from torque sensors on the screw (Revesz 1976) to 
measuring wall shear stress on the capillary (Chiu 1997), but all have fallen short of an 
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effective measurement process.  More recently, dielectric measurements of the polymer 
were used to investigate the melt viscosity of the polymer (Bur 2004).  The present 
dielectric method only measures over a small cross sectional area and still has a lag time 
of a few minutes.  The paper by McAfee et al tests capillary type side-stream and in-line 
rheometery using a pressure transducers.  Figure 8 and Figure 9 show the experimental 
set-up.  They found that side stream rheometers do not detect changes in viscosity caused 
by changes in operating conditions and are not suitable for real time use due to 
measurement lag.  Their tests with the in-line rheometer found it to be an accurate 
measurement of melt viscosity, but limitations in size, possible damage and maintenance 
make it unsuitable for mass production.  They state that ideally, monitoring should be one 
in-line and that spectroscopic techniques are best suited for mass production.  
Spectroscopic techniques do not impose the same false assumptions of sample 
homogeneity that are implicit in physical process measurements.   
          
Figure 8: Side stream Rheometer 
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Figure 9: In-line rheometer 
 On-line viscometers are available, though expensive, and provide a good way to 
control the process of polymer production.  Figure 10 shows a commercial on-line 
viscometer that can be purchased from Brookfield.  The installation of the viscometer is 
Figure 11.  This shows the need for a similar system that uses less material.  The bypass 
flow has a large dead space where the product is not controlled and where conditions 
vary from the main line.  The smallest on-line rheometer sold by Brookfield uses 1” pipe, 
this requires large amounts of material to be produced for this to be effective.  With an 
optical system, like the one presented here, smaller quantities can be produced and 
maintain accuracy.  Optical systems can measure a wider variety of samples compared to 
viscometers which are more suitable for liquids and melts.  In addition, the same 
measurement system can follow the scale up from the laboratory to the factory, keeping 
measurements consistent and traceable.   
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Figure 10: Brookfield in-line process viscometer 
 
Figure 11: Typical installation of Brookfield viscometer.   
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1.4 Optical Methods 
1.4.1 Non-Invasive Material Measurement Methods 
Small angle x-ray scattering (SAXS) is a technique where the elastic scattering of 
X-rays (λ = 0.1 to 0.2nm) is recorded at low angles, between 0.1 and 10deg.  This 
technique can be used to characterize inhomogeneities in the nanometer range and 
contains information about the shape and size of macromolecules, characteristic distances 
of partially ordered materials, pore sizes and other information.  The advantages of SAXS 
are that it is accurate, non-destructive and requires minimal sample preparation.  The 
upper limit of molar mass for detection using SAXS is between 30000 and 40000, which 
can potentially cause problems with alginate, whose molar mass is between 10000 and 
60000.  Some methods, though costly, can control for the molar mass and maintain the 
average below 30000.  Stokke et al (2000) used SAXS in the characterization of Ca-
alginate gels.  They found that SAXS provides information about the gel mircostructure.  
When they increased Ca concentration with constant alginate, the system shows good 
scattering resolution, but the group only made large changes in Ca.  SAXS did show 
variations in local structure in gels that had similar mechanical properties, but were 
produced using different alginate sources, degrees of polymerization and gelling 
conditions.  Their results suggest that mechanical properties and local structure can vary 
independently within this family of polysaccharides.  This observation also reinforces the 
false assumptions of rheology that forces continuum theory on non-continuum structures.   
Nuclear magnetic resonance (NMR) is used to study the nature of molecules by 
observing the magnetic resonance of atoms’ nuclei.  NMR works by aligning the atoms in 
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one direction with a strong magnetic field and perturbing them with an orthogonal 
magnetic field.   This is the same phenomenon exploited in magnetic resonance imaging 
(MRI).  NMR can give information about a molecule’s structure and dynamics, but is 
very expensive.  Salomonsen et al (2008) used NMR and other methods to determine 
alginate monomer composition.  They found that at the concentrations required for good 
signal-to-noise ratio, the alginate solutions are too viscous to give well-resolved spectra, 
even at elevated temperatures.  The viscosity was reduced by partially degrading the 
alginate chain with mild acid hydrolysis.  This method is time consuming, labor intensive 
and therefore not suitable for inline quality assurance.  The reference method used is not 
accurate enough for well resolved results.  The measurements are only as accurate as the 
reference method, and until a better one is developed, NMR cannot be used to 
characterize alginate gels.  They further state that other NMR techniques can be tested 
such as high resolution magic angle spinning NMR and solid-state cross-polarization 
NMR.  These techniques are non-destructive and less time consuming than solution-state 
NMR but are still costly (Salomonsen 2008).   
Vibrational spectroscopy, such as infrared (IR), Raman and near infrared (NIR) 
are useful analytical tools the elucidate information concerning the composition and 
properties of material at a molecular level.  These techniques are rapid, non-destructive, 
easy to operate and require little or no sample preparation.   IR spectroscopy can be used 
for the quantitative estimation of the M/G ratio and to determine the alginate 
concentration in solution.  Raman spectroscopy has been used to distinguish alginates 
from other seaweed polysaccharides like agar and carrangeenan.  NIR has been employed 
to determine the alginate content of Laminaria hyperborean stripe during biodegradation.  
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The brown algae that the alginate is derived from have light and dark stripes, often the 
high G content alginate is derived from the dark stripes.  Salomonsen et al (2008) found 
that the M/G ratio can be predicted using IN, Raman and NIR.  They state that the error 
could be lowered with the development of a more accurate reference method.  
Light scattering spectroscopy (LSS) is a technique in which the angular and 
wavelength dependence of elastically scattered light is used to infer the spatial frequency 
spectrum of a scattering object (Hunter 2006).  LSS can be used as a non-invasive 
technique for quantifying changes in materials, like cancer cell growth or chemical 
changes over time.  Hunter et al (2006) used a linearly polarized white light source to 
measure the scattering of healthy and precancerous rat esophagus epithelia.  Their 
technique measured the intensity of scattered light polarized parallel and perpendicular to 
the incident beam using a CCD camera over the wavelength range 450-710nm.  Their 
final number was the difference in intensity between the parallel and perpendicular 
polarizations.  The angles used were between 175 and 180deg (Figure 12).  This is back 
scattered light and differs from my proposed method that measures 90deg from incident.  
They also performed refractive index measurements and used that in their equations for 
LSS.  Through a few equations, they observed changes in the scattering cause by 
morphological changes in the tissue caused by cancerous conditions.  LSS requires more 
measurements and calculations than my proposed method.  The investigators only used 
cells and it is unclear how effective this method would be for polymers.  It is more 
expensive to perform this test because of a few necessary, additional equipment, but 
might provide more information about the cellular or polymer network.        
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Figure 12: Schematic diagram of LSS experimental apparatus (Hunter 2006). 
Dynamic light scattering (DLS) is a powerful method to investigate the dynamic 
properties of polymer solutions and is generally used to determine the size distribution 
profile of small particles in solution (Oikawa 1993).  This technique takes advantage of 
Rayleigh scattering which occurs when light hits small particles and scatters in all 
directions, and is justified as long as the particles are much smaller than the wavelength 
of incident light.  When using a laser, a monochromatic coherent light source, time 
dependent fluctuations in scattering intensity occur due to thermal Brownian motion.  
The time scale of the fluctuations contains information about the scattering material.  
Oikawa and Nakanishi (1993) developed an optical system using a polarization 
microscope at a fixed angle of 90deg from incident to measure the scattering from 
glutaraldehyde cured gelatin gels.  They use the scattering at 90deg because the intensity 
is very low and since impurities like dust cannot be completely removed, their scattering 
is negligible. Their findings suggest that chemical crosslinks are much smaller and scatter 
less light than thermo-reversible crosslinks.     
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1.5 Optical Theory 
Light scattering can be used as a non-destructive way to characterize clear polymers 
and hydrogels.  Though the samples appear clear to the eye, the molecular structures that 
hold them together do scatter light.  Without optical inhomogeneities, no light scattering 
will occur (Fabelinskii 19).  Structural elements, structural fluctuations, thermal motion 
and other properties can lead to density fluctuations which can scatter light. Molecular 
light scattering is caused by different random fluctuations, in contrast with the scattering 
from colloidal particles and other impurities and from combination (Raman) light 
scattering (1).  Molecular weight of marcomolecules and other important characteristics 
can be determined from the absolute intensity of scattered light in solutions of polymers 
and proteins (273).  
Every material has a dielectric constant which depends on the material properties.  
The native substance dielectric constant is composed of ε0 the optical dielectric constant 
of a continuous homogeneous medium and a small correction Δε brought about by 
changes in the ε0 Fluctuations in the dielectric constant, Δε, are isotropic and determined 
only by fluctuations (changes in) of the pressure and entropy or the density and 
temperature.  Δε will be a function of the concentration of the components of the solution 
or mixture.  The fluctuations in Δε do not destroy the isotropic character of the medium, 
therefore the light scattered by the fluctuations in Δε must be completely polarized.  
Since the measuring system developed blocks parallel polarized light from the scattered 
light detector, the measurements are not a reflection of pressure, entropy, density or 
temperature; they reflect the crosslinked nature of the hydrogels.    
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Fluctuations in Δε’ however determine the anisotropy of the medium due to thermal 
motions and light scattered by Δε’ looses its polarization (20).  The anisotropy is due to 
the crosslinks having orientation and is disturbed by thermal motion.  Therefore the 
measuring system only gathers light that the scattered by the crosslinks.  The total 
scattered light intensity is the sum of Δε and Δε’.  For scattered intensity calculations, it 
is assumed that the scattering volume is a cube that is much greater than the wavelength 
of incident light (23).   
Light intensity is normally measured in  (24).  Using a CCD camera, an 
exact measurement with units is not achieved; the light intensity is relative to other 
measurements made with the same set-up with different gels.  Using a photodiode to 
convert the light energy to an electric signal, a measurement in volts is gathered, which is 
directly proportional to the light intensity within the linear range of the detector.  The 
detection method that utilizes a photodiode is in the early stages of development and 
testing and it beyond the scope of this paper.   
In the theoretical calculation of scattered light intensity, the calculations are made for 
extremely small volumes, which can be summed because each volume is independent of 
the other volumes.  The summed volume is assumed to be a cube.  In the proposed 
method, the scattering volume is the intersection of two cylinders, the focused laser and 
the CCD’s fiber sight.  The independence of the volumes can be justified because the 
scattering elements are far apart in comparison to the wavelength of incident light.  The 
total light scattered by the irradiated volume is the linear sum of small separate volumes.  
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By summing the intensities, the calculation is much simpler and it also justifies the 
optical measuring system presented.   
Solutions and gases can be described by the amount of light they scatter using the 
scattering coefficient.  The scattering coefficient is the ratio of scattered light to incident 
light, times the L^2, the distance from the scattering volume from the detector, divided by 
the volume of medium that is scattering the light and follows: 
 Equation 1 
The extinction coefficient, h can be used in a material that has very low absorption, 
like alginate.  The extinction coefficient is a quantity which characterizes the damping of 
a parallel beam of incident light through an optical medium.  The extinction coefficient is 
directly related to the scattering coefficient and becomes easier to measure when R is 
large.  High scattering intensity by a solution with a large scattering coefficient may 
saturate the measuring device.  Large R can be caused by high attenuation or a very long 
light path through the medium.  In our case, the scattering is very low compared to the 
transmitted light and the scattering coefficient is easier to measure than the extinction 
coefficient.  Measurements of the extinction coefficient, h,  tend to be more accurate in 
lab conditions when the medium is a polymer, however, due to the measuring system 
saturating at high intensities, the R was more convenient.  The basic difference in 
measuring h or R is the location of the detection fiber.  When measuring R the detector is 
placed at the angle on interest, 90deg in our case.  The incident intensity is known and the 
amount of light scattered is measured and the transmitted light is calculated.  When 
measuring h, the detector is placed in line with the incident light, keeping the medium 
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between the source and the detector.  The difference in incident and measured light is the 
amount that has been scattered.   
The transverse scattering cross section of light, Q, is the coefficient of proportionality 
between the intensity of scattered light I and the intensity of incident light, I0.  This 
measurement is very useful when measuring the scattering due to particles.   
 Equation 2 
As early as 1944, Debye noted that the study of light scattering can predict the 
molecular weights in and sizes of molecules of the dissolved substance, i.e. polymers, 
proteins or ions (42).  By using light scattering to correlate to the crosslinking density, the 
interaction of ions and polymers is measured.   
Scattering by fluctuations in anisotropy, fluctuations in the orientation of the 
substances in the solution, contribute greatly to the total scattering intensity.  Scattering 
due to the changes in anisotropy, results in light that is depolarized.  By measuring the 
scattered light that is polarized perpendicular to the incident light, the intensity 
contribution of the fluctuations in anisotropy is measured.  Only the light that is rotated 
passes through the scattered light polarizer.   
Alginate contains crosslinked sections and uncrosslinked sections because the M and 
G regions are split up and only the G regions participate in crosslinking.  As the 
crosslinking increases, the instance and number of these ordered sections of gel increases.  
It is these sections that have orientation that scatter the most light, some of which is 
rotated from the incident.  Light scattering depends strongly on the dimensions of the 
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scattering particle (4), not only do highly crosslinked gels have more crosslink points, but 
on average, they are longer.    The scattered light is preferentially in the vertical direction, 
so much so that would saturate the CCD camera.  Figure 13 is a schematic of the theory 
of how the crosslinked alginate gel scatters polarized NIR light.  Since only the crosslinks 
scatter the light, the amount that is detected at 90deg is much smaller than the amount 
that is transmitted.  The scattered light is also preferentially in the v’ direction due to the 
nature of the incident light V’.  Only h’ is measured in the experimental set-up proposed 
here.   
 
 
Figure 13: Theorized mechanism for polarized NIR scattering in crosslinked alginate gels.  Not to scale. 
 
25 
 
1.6 Melt Flow 
 Melt flow is a measure of the solution viscosity.  It is performed by placing a 
sample in a syringe and with a known force, expelling the solution out.  At specific time 
points, the extruded solution is taken and weighed.  The amount of solution that is 
expelled in a given time is directly related to the viscosity.  More viscous fluids will 
expel a lower amount in a given time period than less viscous fluids.   
2. DESIGN CRITERIA AND CONSTRAINTS 
Table 1: The design criteria and constraints for this thesis.   
Criteria Constraints 
Non-Destructive 
Clear Natural Hydrogel: 
Alginate Pastes 
Gelatin 
Cheap Relate to melt flow 
Fast Procedure 685nm laser 
Multi-use CCD camera 
Low volume Off-the-shelf materials 
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3. METHODS AND MATERIALS 
3.1 Initial Solution Production 
Initially, tests were performed with alginate produced with calcium sulphate 
(CaSO4).  A solution of 1% alginate (Sigma A2158-100G, batch #114K0178) was 
produced by combining 20mL of DI water and 0.2g of low viscosity alginate (high M).  
The mixture was vortexed to form the alginate solution.  TSMP (Trisodium 
trimetaphosphate – Sigma T5508-500g, batch #055K0086) was added to the alginate 
solution to control the rate of crosslinking.  A high concentration of CaSO4 was mixed 
with DI water to make CaSO4 slurry.  The gels were produced by putting the alginate 
solution into vials then adding the slurry.  In water, a high percentage of the calcium 
rapidly ionizes and will crosslink the alginate.  This is not favorable because the quick 
crosslinking creates a heterogeneous gel with separation of liquid and gel phases.  TSMP 
will temporarily bind to the Ca++ and sequester it from interacting with the alginate.  
This theoretically allows for a slower gelation and a homogeneous gel.  In practice, 
however, the concentration of TSMP that is high enough to slow the reaction diluted the 
alginate and made the gels less viscous.  A few homogeneous gels were produced by 
vortexing the gel immediately after adding the CaSO4 slurry, these samples were used to 
test the optical measurement system.   This is not an optimal production system, and only 
a few optically clear samples were produced.   
Two groups of samples were produced with CaSO4 (low and high viscosity), and 
the scattered light intensity was compared.  The groups were both 1% alginate and 10% 
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TSMP, but they contained different amount of CaSO4, 50mg/ml (samples 6-10) and 
81mg/ml respectively (samples 21-30).  The sample set with more CaSO4 was a solid 
transparent gel, while the lower CaSO4 concentration samples were viscous liquids.  
Though many samples were produced, only two were homogeneous and bubble-free, 
samples 8 and 30.  This is not a reliable and reproducible method to produce gels, the 
reaction rate is too fast and the gels are too thick to filter them.  However, a high 
viscosity and a low viscosity gel samples were produced, so the optical system can be 
tested though not statistically proved.   
 
3.2 Initial Optical Measuring System 
The initial optical measuring system consisted of a NIR laser (685nm), lens, 
sample holder, rotatable stage for the optical fiber connected to the CCD camera.  The 
laser passed through the sample and the light intensity is measured by the CCD camera 
between 90 and 20deg from incident in 10deg increments (FIGURE XX).   The light 
intensity varied a few orders of magnitude between low intensity at 90deg and very high 
at 20deg.  The CCD camera’s integration time can be adjusted to account for the different 
intensities.  The hypothesis was that a stiffer, more crosslinked gel would scatter more 
light than a loose gel.  Initial test showed this to be the trend, but results were not 
statistically significant and some scattering profiles could not be resolved.   
3.2.1 CCD Camera 
The CCD camera has a CCD or charge-coupled device, which contains a 
photosensitive chip which is an array of capacitors that collects charge proportional to the 
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intensity of the light at each capacitor location.   The CCD takes light intensity and 
outputs a sequence of voltages that can be stored as an image.  The CCD works in 
discrete intervals, set by the integration time.  For example, at 125Hz, the photosensitive 
chip gathers light for 1/125s and outputs the voltage every 1/125s.  At higher integration 
times, the chip has less time to gather light, so higher intensity light can be measured 
without saturation.  The integration time makes the CCD able to measure light intensity 
accurately over many orders of magnitude because the integration time can be set from 
125Hz to 10,000Hz.  The output images are collected and analyzed using MatLAB.  In 
addition to the images of the scattered light, Figure 14, a dark image must be acquired, 
Figure 15, to account for background noise.  In MatLAB, the function sums the pixel 
intensity over the entire image and subtracts the summed intensity of the dark image and 
outputs a single number.  This number is the relative intensity of the scattered light.  
Since a reference light source could not be acquired, the intensity is in relative units.  
Figure 16 is a saturated image and cannot be used to calculate the intensity.   
29 
 
 
Figure 14: Scattered light image.  Using the following dark image, the relative intensity is 3.12E+08.   
 
Figure 15: Dark Image. 
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Figure 16: Image with saturation, this will not be an accurate representation of the intensity.  By adjusting the 
integration time, this can be captured as a good image. 
3.3 Alginate Crosslinked with CaCl2 
The previous method was repeated with CaCl2, because CaCl2 ionizes slower in 
water, so the reaction rate would be reduced.  Results showed similar gels to the CaSO4 
samples.  To decrease the rate further, high concentration CaCl2 was combined with 
gelatin and 0.3ml was deposited in the bottom of eppendorf tubes and placed at 40F 
overnight.  Eppendorf tubes were used to test this method though they are not appropriate 
for optical tests because they are frosted and will scatter a significant amount of light 
without any solution.  After the CaCl2-gelatin set up, 1ml of a solution of 2% alginate 
and 10% TSMP was added to the tubes with gelatin, placed in a 40F refrigerator 
overnight.  The gels were placed at low temperature because that further decreases the 
rate of gelation.   By imbedding the CaCl2 in gelatin, the rate of crosslinking was 
controlled by the diffusion of the Ca++ out of the gelatin and through the alginate.  The 
resulting samples were bubble-free, slightly cloudy but homogeneous.  Two samples 
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were randomly selected and their scattering intensity was measured.  The scattering of DI 
water in an eppendorf tube was also measured as a control to show the scattering of the 
tubes.  This showed some promise, but the optical measurement system was being 
changed to obtain higher sensitivity, and the method for producing gels was switched to 
follow a patented procedure for producing alginate pastes.  Alginate paste will scatter less 
light than stiff alginate gel because they contain less crosslinks.   
3.3.1 Alginate Pastes 
 To create more reproducible gels, alginate pastes were made with the method 
described in US Patent # 2,635,067.  This method uses CaCl2, not CaSO4.  To create the 
alginate paste, 25ml of 0.9% NaCl saline is transferred into a 50ml centrifuge tube.  
Measure and add the appropriate amount of CaCl2 to the saline and votex for 5s.  Then, 
measure and add the appropriate amount of alginate powder, vortex for 10s and place on 
a controlled temperature shaker table overnight.  The tubes should be connected to the 
table with tape or rubber bands.  The temperature should be set to 25C, the actual 
temperature is not as important as having a fixed temperature.  The shaker table should be 
set to approximately 400rpm.  After vortexing the mixture has small globs of alginate 
suspended in solution, by placing on the shaker, the solution diffuses together and 
becomes a homogeneous paste.  The concentrations used in these experiments made 
solutions ranging from semi-viscous liquids (3% alginate and .02% CaCl2) to thick 
pastes (5% alginate and .1% CaCl2) that do not readily flow.  After overnight shaking, 
some bubble remain and are separated by centrifuge at 1500rpm or 2min.   
To understand the gels further, the light scattered from the gels were compared to 
the scattered light from the constituent parts.  Sample sets were produced of 1% alginate 
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and 0.075% CaCl2, 1% alginate, 0.1% CaCl2, and DI water.  The scattered light intensity 
for each sample in the set (n=5) was measured from 90deg to 20deg.  The averages for 
each angle and solution were calculated and plotted.   
In trying to produce a homogeneous gel, other methods were tested.  The 
homogenizer is a tool for quickly mixing solutions and was thought to be effective for the 
thick alginate solutions.  1.5% alginate crosslinked with 0.01, 0.03 and 0.06% CaCl2 
were either vortexed or homogenized to obtain clear samples.  The polarized scattered 
intensity was analyzed and discussed below.  Each mixing method was done until a 
homogeneous solution was produced, not for any specific time.  mixing by the 
homogenizer is extremely vigorous compared to a vortexer or shaker table.   
 
 
3.4 Polarized optical setup 
It was found that the most sensitive region of the scattered light intensity is at 
90deg from incident and the other angles tell redundant information.  By measuring at 
90deg, a single number can be generated that describes the gel and can be correlated to 
the crosslinking density.  Impurities in the solution like dust that cannot be fully removed 
cause small amounts of scattering in all directions.  By measuring the scattering at 90deg, 
the intensity due to dust is negligible.  To increase the difference in scattered light 
intensity of the various solutions, the incident non-polarized laser is vertically polarized.  
This reduces the intensity of light that interacts with the sample.  The scattered light then 
passes through another polarizer before it is detected by the sensing fiber.  The scattered 
light is polarized horizontally.  The light scattered by the gel is preferentially in the 
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direction of incident polarization.  A small amount of light is scattered horizontally and is 
detected by the fiber.  By measuring on the perpendicular component of the scattered 
light, only the information about the gel that has orientation, the crosslinks, is observed.  
The intensity of the scattered light passes to the CCD camera, the polarization 
information is lost.  To align the scattered light polarizer in the horizontal direction, the 
images from the CCD are analyzed and the lowest intensity corresponds to the scattered 
light polarizer being perpendicular to the incident polarizer.   
 
3.4.1 Cuvettes 
Initially all tests were done with cylindrical vials, but these had high error.  The 
error is due to the fact that the laser will refract off of an angled surface and the refraction 
weakens the incident light.  If the vials are not set precisely, the intensity will vary.  
Within sample set variation is high with vials.  Cuvettes with rectangular cross sections 
and flat sides were tested.  The flat side enable more consistent placement of the samples.  
The cuvettes were Type 517P, PMMA disposable cells, ok for flourometer use, 285-
800nm usable, 1.5ml purchased from NSG Precision Cells Inc.  The vials were glass 
sample vials with screw caps, 0.5dram, purchased from Fisher Healthcare.  The cuvettes 
have a rectangular cross section where they interact with the laser, the long axis is in the 
direction of incident light, while the short axis is in the scattered direction.  The path of 
the light traveling within the cuvettes is shorter than the path traveled within the vials, but 
with low adsorption and scattering, the difference in intensity between them should be 
low.  Another advantage of the cuvettes is that the scattered light has a very short path 
within the sample, which increases the intensity that reaches the sensing fiber.   
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3.4.2 High concentration CaCl2 samples 
It was found that the measuring system is not sensitive enough to detect variations 
of .02% CaCl2, so higher concentration samples must be produced.  To test the feasibility 
of the higher concentrations, only 3% alginate was used with .1, .2, .3, .4 and .5% CaCl2.  
The procedure is similar to the alginate paste procedure, but the solutions must be 
vortexed for 20 seconds, compared to 10 seconds.  The solutions were placed on a shaker 
table for approximately 48 hours.  The .1 and .2% CaCl2 samples were clear pastes, the 
higher concentrations had a lot of bubbles and were placed in a centrifuge for 4 minutes 
at 2000rpm.  To keep the balance of the centrifuge, the .2 solution was also centrifuged.  
The .2% sample remained homogeneous and unchanged, the higher concentrations 
however showed phase separations between gel and liquid phases.  Before transferring to 
cuvettes, the higher concentrations were vortexed gently to mix the phases and the 
samples were extracted ¼ of the height from the bottom to obtain more of the gel phase.  
The .1 and .2% CaCl2 samples looked similar to previous samples, highly viscous clear 
liquids.  The .3, .4 and .5% CaCl2were cloudy and a somewhat heterogeneous mixture of 
gel and liquid phases.  The samples were measured optically with the same procedure as 
prior tests.   
 
3.4.3 Gelatin Samples 
Dr. Lelkes’ 2007-2008 senior design group #1 has been performing, among other 
things, mechanical tests on gelatin gels, 1.25%-20%.  The mechanical tests performed 
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were the compressive chord modulus, which is more feasible for stiffer gels, 10%-20%.  
For looser gels, viscosity is a more robust way to characterize them.  The gels in this 
method were crosslinked thermally, without chemical crosslinkers like genipin or 
gluteraldhyde.  Excess water was heated to 60C on a hot plate.  100ml of warm water was 
placed in a 200ml beaker and 20g of gelatin was added and mixed with a magnetic stir 
bar.  This is 100ml of 20% stock gelatin solution, which remained at 60C on the hotplate.  
The level of water was marked off and lost water was replenished if evaporation 
occurred.  The mixture was stirred for 15min at 60C.  Gelatin solution can be filtered by a 
.45um syringe filter to sterile, but this was not performed for the optical or mechanical 
tests.  In 30 ml conical tubes, create 30 ml aliquots of solutions ranging from 10-20% 
solution. With each solution make sure to mix them well via pipetting in and out. Dilute 
the 20% stock according to the following volumes: 
Table 2: Gelatin sample preparation table 
% Concentration Stock (ml) Warmed Water (ml) Sample 
10% 15 of 20% 15 235-240  *no 239 
12.5% 18.75 of 20% 11.25 241-245 
15% 22.5 of 20% 7.5 246-250 
17.5% 26.25 of 20% 3.75 251-255 
20% 30 0 256-260 
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To de-gas the solutions, centrifuge for 2min at 1500rpm.  While waiting to be 
separated into cuvettes, keep the tubes in a water bath.  Separate into cuvettes (for optical 
testing) or syringes (for viscosity testing).  Keep the samples at room temperature for 30 
minutes to settle, and then place in a 4C chamber for at least 4 hours.   
The Instron tests were done with the gelatin samples described above and allowed 
to cure for 6 hours.  The compression tests were done with a strain rate of 5.8mm/min to 
a strain of 35%.  The chord modulus was calculated at 15% strain.  All of the samples’ 
modulus were very low, and after discussion with the senior design team, they instructed 
that higher concentration samples needed more time to gel.  The samples were repeated 
and allowed to set for 48hrs.  Identical mechanical testing was done with the longer set 
time gels, but similar results were found.   
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4. RESULTS AND DEVELOPMENT 
4.1 Initial setup measurements  
4.1.1 Low vs high viscosity gel comparison 
The initial optical measuring system was tested with the first two good samples 
produced with CaSO4.  Sample 8 was made by putting 3ml of a solution of 20ml of 1% 
alginate and .6ml of 10% TSMP into a vial, then adding 120ul of 50mg/ml CaSO4 slurry.  
The slurry was shaken before extraction because the CaSO4 would settle out of the 
suspension.  A “good” sample is described as on that appears optically homogeneous to 
the naked eye, a clear solution.  Slight discolorations are acceptable, regions of 
cloudiness or bubbles define an inhomogeneous sample and cannot be accepted.  On the 
molecular level, all of the gels are inhomogeneous or they would not scatter any light, but 
when approving samples, only the macro descriptions are employed.  Only one good 
sample was produced, the amount of TSMP was increased and the total amount of 
solution in the vials was decreased to allow more room for shaking.  Sample 30 was 
made with by putting 1.5ml of 1% alginate and .4ml of 10% TSMP into vials.  60ul of 
81mg/ml CaSO4 slurry was added to each vial.  Ten samples were produced with the 
higher concentration of CaSO4, but only sample 30 was suitable for optical testing.  S30 
was a stiff gel and S8 was a loose gel.  The other samples produced with both methods 
were heterogeneous and not suitable for optical testing.    
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The optical measurements showed that the higher crosslinked sample scattered 
more light over all angles, Figure 17.  Since only one sample of each type was produced 
and measured, these results are not significant but were suggestive of a functional 
measuring system.  Measurements done in the low angle range, 40-20deg, are not 
accurate because the CCD became saturated even at the highest integration time.  The 
intensities would be higher if the integration time went higher than 10,000Hz, but this is 
beyond the capability of this CCD.  This test had to be repeated with refined sample 
production techniques to gain statistical significance and valuable incite.   
More samples were produced over the following weeks, but they were 
heterogeneous and contained bubbles.  Some steps to decrease the rate of gelation 
include: chilling solutions in ice bath and gelling in 4C, increasing the concentration of 
TSMP, hand shaking and different vortexing times, also syringe transferring and the 
vacuum chamber were used to reduce bubbles.  These measures did not lead to consistent 
homogeneous gels.   
39 
 
 
Figure 17: High and low viscosity (S30 and S8) gels measured from 90-20 deg from incident.   
 
Figure 18: Magnification of Figure 17 between 90 and 70deg.  S30 has a higher crosslinking density than s8 and 
thus greater scattering. S8 = 1% alg, 50mg/ml CaSO4, 10%TSMP.  S30 = 1% alg, 81mg/ml CaSO4, 10% TSMP. 
4.1.2 Calcium Embedded in Gelatin Sample 
In an attempt to reduce bubble and heterogeneity, ten samples were produced 
using a technique that embedded calcium ions in a layer of gelatin at the bottom of the 
sample vial.  Alginate solution was added to the vials and the samples were allowed to 
40 
 
crosslink over night.  The calcium slowly diffused out of the gelatin and crosslinked the 
alginate, this made for samples that were free of bubbles.  The alginate was slightly 
cloudier at the bottom than the top due to the concentration gradient of the calcium.  All 
samples (g1-g10) were the same concentration of alginate, CaCl2 and gelatin.   
 
Figure 19: Calcium embedded in gelatin allowed for consistent gelling.  This test was done in frosted eppendorf 
tubes to prove the concept and was intended to be repeated but a new method was chosen.   
These samples were produced in frosted eppendorf tubes, as a control, the 
scattering of DI water in the tube was measured, Figure 19.  Since DI water does not 
scatter light, the scattered intensity of the green line below 50 degrees is due to the tubes.  
It appears that the tubes only caused substantial scatter beyond 50 degrees.  Given that 
the tubes scatter a non-trivial amount of light, the sample of alginate gel did scatter more 
light than DI water.  This test was a proof of concept and was going to be repeated with 
clear glass vials but a different technique was used that did not require gelatin and slow 
diffusion of calcium ions.  This test however brought into question whether the light 
scattering is caused by the water or impurities in the water or the gel itself.   
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4.1.3 Alginate and Water Measurements 
To compare the scattering of gels and DI water, sample 69 was used because it 
was the only good sample produced with 1% alginate, 12% TSMP and 81mg/ml slurry as 
per the previously described method.  Using the bubble free sample in a clear glass vial 
and DI water in the same type of vial, scattering data was collected at various angles.  
The below, Figure 20 shows that DI water alone does not scatter a significant amount of 
light at any angle.  This also confirms that there are no major impurities, i.e. dust, in the 
water. 
 
Figure 20: Comparison of scattering by 1% alginate crosslinked gel and DI water.   
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Figure 21: Detailed close-up of Figure 20 magnified between 90 and 60deg.  This shows that at 90deg, the 
alginate gel scatters about 10 times more light than water.  At 20 deg, the gel scatters about 65 times more light.   
4.1.4 Refined Sample Preparation  
More tests were conducted with the setup and refined sample preparation.  
Enough decent samples were produced per batch that they were able to be grouped 
together and the scattered light intensities could be averaged for each concentration.  The 
Figure 22 below shows the average light scattering of 3 sample sets (n=5) of alginate 
gels.  The concentration table of each sample set follows the figure.  The results were not 
statistically significant, the gels could not be resolved and it even appears that the higher 
crosslinking had lower scattering, which runs counter to the previous tests.    
Table 3: The concentration of alginate and CaCl2 of the samples from Figure 22.   
Sample 
Alginate 
(%) 
CaCl2 
(%) 
87-91 1 0.1 
92-96 1 0.05 
97-101 1 0.075 
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Figure 22: Crosslinked alginate gel sample sets.  The optical measuring system is not refined enough to resolve 
between gels.  Table 3Error! Reference source not found. shows the details of the samples graphed here. 
 
 
Figure 23: This is Figure 22 plotted between 90 and 60deg.  The same result is found that the optical system is 
not sensitive enough to resolve the data.   
4.1.5 Scattering Caused by Constituent Materials  
These results lead to discussions about how the detection method could be 
refined.  The first variable was to try to subtract the scattering due to the components of 
the gels, it was believed that alginate solution and CaCl2 solution was scattering a 
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measurable amount of light which was causing problems with the data.  The light 
scattering properties of DI water, 1% alginate and water, .1%CaCl2 and water and the 
average of s97-101 alginate gel were measured and are plotted in Figure 24.  It was found 
that water and CaCl2 solution scattering a negligible amount of light.  The 1% alginate 
solution however scattered more light than the crosslinked sample set.  It is hypothesized 
that non-crosslinked alginate scattered more light because the polymer chains are more 
mobile and thermal vibrations are the cause of increased scattering intensity.  The 
detection method is measuring scattering caused by the bulk polymer which is why the 
crosslinked sample has a lower intensity.  By refining the detection method, it is 
hypothesized that only the crosslinkes can be selected for measurement.  Each line in the 
graph is the average of 5 measurements for each of 5 samples.  Both the within samples 
and within group errors were low.   
 
Figure 24: This plot shows the scattering of alginate gel compared to the scattering of its’ constituent parts.  
Large scattering by 1% alginate solution is due to thermal vibrations in the chains of the uncrosslinked solution.   
45 
 
 
Figure 25: This is a magnification of Figure 24, showing that even at high angles, the alginate scatters more light.   
Figure 25 is the scattering data plotted between 90 and 60deg.  This shows a 
similar trend as Figure 24, water and CaCl2 solution scatter very little light and 1% 
alginate scatters more light than crosslinked alginate.  Looking at Figure 24, it appears 
that at angles between 40 and 20deg even water scatters a certain amount of light.  The 
dynamics of the light detection system designates that the volume of gel/liquid that 
scatters detectable light is dependent on the angle.  The laser passing through the sample 
and the “sight” of the detection fiber are assumed to be cylinders of approximately equal 
diameter.  If the intersection at 90deg of the cylinders has a square cross section, then at 
20deg the cross section is more of a rhombus (Figure 27 below).  So the scattered light 
intensity at 20deg would be greater than at 90deg by virtue of the fact that more gel is 
occupying the detection zone Figure 27.  The theoretical angle dependent volume was 
calculated using Equation 3 and plotted below.  It was found that the volume increases 
exponentially at the angle decreases, when the angle = 0, the volume approaches infinity.  
This calculation was going to be used as a correction for the measuring system, but was 
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not used because the measurement of intensities at multiple angles was replaced with 
measurement at 90deg only. 
 Equation 3 
 
Figure 26: Plot of Equation 3 showing the exponential nature of the angle dependent volume.  Initial length of 
the sides of the cube were assumed to be 1. 
 
Figure 27: Laser and sensing fiber sights.   
90deg 
Sight 
20deg 
Sight 
Incident 
Laser 
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4.1.5 Initial Polarized tests 
The alginate gel is composed of  sections of ordered crosslinks among the diffuse 
polymer network.  These sections will scatter light and loose the incident orientation in 
the process.  Light scattered by the rest of the polymer chains will maintain the incident 
orientation.  To observe this and test out hypothesis, the following tests were done to 
observe the differences between parallel and perpendicular scattered light polarization.  
The incident laser was polarized corresponding to 180deg on the dial, this was thought to 
be vertical polarization, but it was later found out that 66deg was the actual setting 
corresponding to vertical polarization.  So the incident light was polarized to a random 
direction, which is irrelevant because the scattered light polarization was set to be 
perpendicular to the incident by setting it to the angle of lowest intensity.  The scattered 
polarization was set according to the maximum and minimum light intensity, meaning 
that no matter the incident polarization, the scattered light polarization was either the 
parallel(max. light intensity) or perpendicular (min. light intensity).  NOTE: The CCD 
camera does not see the polarization of the light, only the intensity, the scattered light is 
polarized before the detection fiber and the polarization is lost in the fiber before it is 
exposed to the CCD camera.   
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These tests were done to see which is better, parallel or perpendicular scattered 
polarization.  The initial test results show no difference between different crosslinking 
density when parallel polarization is used, Figure 28.  This is because no matter how 
crosslinked the samples are, the scattering that maintains the incident polarization is 
much greater than the scattering caused by the crosslinks, and is independent of crosslink 
density.   
 
Figure 28: Plot of the intensity of the samples when the scattered light is parallel to the incident light.   
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Figure 29: Plot of the intensity of the samples when the scattered light is perpendicular to the incident light, 
“depolarized” test.   
The intensities of the parallel polarization are very high and not statistically 
significant.  The incident light is preferentially scattered by the bulk polymer with the 
same polarization.  Both sample set were made with 1.5% alginate and different 
concentrations of CaCl2.  The sample made with 0.03% CaCl2 was a noticeably stiffer 
gel and should scatter more light.  The parallel polarized test does not show this 
hypothesis.  The perpendicular polarized (depolarized) comparison does demonstrate this 
and is statistically significant, Figure 29.   There is still too much variation for a 
trustworthy test, but the concept makes sense and this will become the final setup with 
minor adjustments.  The reason the perpendicular polarization is better for this test is 
because light scattered from changes in orientation will loose the incident polarization.  
Therefore, only the intensity that is scattered by the crosslinks is measured, because they 
display fluctuations in orientation.   
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It was thought that the variation came from density differences within each 
sample so even intensity measurements from the same sample would be different if the 
measurement was taken at a different location.  To reduce this variation, samples were 
produced using a homogenizer to mix the solution, rather than a vortexer.  Samples or 
1.5% alginate crosslinked with either .01, .03 or .06% CaCl2.  The samples were either 
vortexed for 2 minutes or homogenized for 30 seconds at high rpm.  Each sample was 
vacuumed twice for about two minutes, this was done to remove the bubbles.  The 
homogenized 0.06%CaCl2 gelled too quickly and the bubbles were trapped in the 
solution during vacuuming.  The samples of similar concentrations were visually 
comparable, but the scattering properties, Figure 31, show that the homogenizer produced 
poor results.  This is because the homogenizer has a tendency to tear apart the polymer 
chains of the alginate rather than just mix the solution.  By votexing the solution is just 
mixed.  Both plots are on the same axis, the vortexed samples show a trend of increasing 
scattering with increasing CaCl2 concentration, Figure 30.  The results from the 
homogenized samples are not significant and the method of homogenizing samples has 
been abandoned, Figure 31.      
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Figure 30: Scattering of alginate mixed with a vortexer.   
 
Figure 31: Scattering of alginate mixed with a homogenizer.   
The new setup had to be adjusted for optimal performance.  The incident laser 
was set to vertical polarization by using another laser with known vertical polarization 
and sending it through the incident polarizer.  The angle at which the maximum amount 
of light passes through corresponds to vertical polarization was found to be 66deg.  The 
incident polarizer was locked into place and measurements were taken adjusting the 
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scattered light polarizer around the angles where the least light passes through.  Figure 32 
below shows the intensities of light and a curve fitting the results.  Be setting the 
derivative of the line to zero, the minimum can be associated with the proper angle.  
342deg was found to be the angle which corresponds to perpendicular (horizontal) 
polarization.  The scattered light polarizer was set to about 342deg, all measurements 
beyond this time are taken at these polarizer angles. 
 
Figure 32: This is the plot of the test to find at which angle would make the scattered light polarizer 
perpendicular to the incident light polarizer.   
 4.1.6 Alginate Paste Tests 
These tests were done on alginate pastes produced with the method presented in 
US patent #2,635,067.  These gels are high viscosity liquids, not stiff gels.  The tests 
were done with this type of gel because a colleague is conducting viscosity tests on the 
same gels.  The hope is that correlation between optical scattering and viscosity can be 
made.  Samples were produced on 01.15.2008 and tested on three different days, 
01.20.2008, 01.21.2008 and 01.22.2008.  It was expected that the scattering intensities 
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would be very similar because CaCl2 should fully crosslink alginate within 24 hours.  
That was not the case, each day resulted in different readings, and there was an upward 
trend, suggesting that as the days after production increased, the scattering intensity 
increased.  Given what is know about the gelling properties, it is more likely that changes 
in the scattered intensities are due to slight variations in the setup due to other users of the 
equipment causing recalibration and realignment.  The other possible mode of variation is 
the production of the samples.   
 
Figure 33: Plot of the intensities measured on 3 different days corresponding to 5, 6 and 7 days post production.  
The upward trend is a result of equipment misalignment.   
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Figure 34: This is the same as Figure 33 but with higher concentration of CaCl2.   
 
Figure 35: This is the same as Figure 33 but with higher concentration of CaCl2.   
Figure 33Figure 34 and Figure 35 show the measurements of the same sample of 
the various days.  Each graph has the three concentrations of alginate and constant CaCl2 
concentration.  The differences in values found for each day are large enough to render 
this method less than useful in characterizing the alginate gels.  The error is caused by a 
combination of production and changes in the testing system.   
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To distinguish between variations in measurement and variations in production, 
samples were produced on different days but tested on the same day.  The sample 
preparation method was practiced and followed precisely.  The optical set-up can be 
taken down and reset, but there may be small variations in resetting due to changes in 
position of the laser as it passes through the sample, distances between the end of the 
fiber and the sample or CCD camera.  Changes in polarity, laser focus or analysis of the 
data are unlikely.  
Figure 36 and Figure 37 show the measurements of the same samples measured 
on different days.  Between the first two days, 03.07.2008 and 03.09.2008, the measuring 
system was undisturbed.  On 03.10.2008, the camera was moved and had to be reset.  
These graphs show that the system is accurate on different days as long as the system is 
not moved.  When the system must be reset, variations in the optical set-up cause large 
error in the measurements.  
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Figure 36: This plot shows that samples produced on the same day and tested on different days can show very 
different results.  These samples were in vials, which were abandoned after better results were found with 
cuvettes.   
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Figure 37: This plot shows that samples produced on the same day and tested on different days can show very 
different results.  The stark change in intensity on 3.10.2008 is due to the optical set-up having to be reset.  The 
magnified section shows that between the first two days, there is not much change in measurements.   
   
Figure 38 and Figure 39 are the graphs of vials and cuvettes produced on different 
days and measured on the same day.  Both graphs have similar trends; increasing alginate 
has a large influence on the increasing scattering.  Increasing Ca concentration has a 
smaller effect on the scattering as seen in Figure 40Figure 41, and Figure 42 below.  
There is small variation due to the production process.  The samples in the cuvettes had 
slightly higher scattered intensity but lower standard error on average.  The lower 
standard error is the reason cuvettes are used for the final testing procedure.   
Cuvettes Produced: 03.05.2008 
03.07.2008 avg 
03.09.2008 avg 
03.10.2008 avg 
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Figure 38: This graph shows that samples produced on different days but measured on the same day show 
similar results.   
Date Produced: 
Increasing Alg 
Increasing Ca++ 
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Figure 39: This graph shows that samples produced on different days but measured on the same day show 
similar results.  A few sample sets, especially 5% had higher error, these samples are harder to produce because 
of the high viscosity of the gel.   
 
Date Produced: 
Increasing Ca++ 
Increasing Alg 
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Figure 40: This graph is intensity at constant alginate concentration while varying Ca concentration.  The 
measurement system is not sensitive enough to detect such small changes in Ca concentration.   
 
Figure 41: This graph has the same trend as Figure 40 for 4% alginate. 
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Figure 42: This graph has the same trend as Figure 40 for 5% alginate.   
At this time the system is not accurate enough to distinguish differences in CaCl2 
concentration on the order of 0.02%.  To observe changes in scattering due to changes in 
CaCl2, gels must be produced with large concentration differences.  This is necessary, 
but poses problems with creating homogeneous solutions with high concentrations of 
CaCl2.  
Figure 43 shows the measurements of samples produced on 04.07.2008 in 
cuvettes and measured on 04.08.2008 and 04.09.2008.  The optical measuring system 
remained untouched between the measurements and the reproducibility is higher than 
previously achieved.  Figure 43 also demonstrated that the gels do not continue to 
crosslink as time goes on.  After 24hrs, the gels are fully crosslinked and the day to day 
variation of earlier tests was indeed due to measurement error.   
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Figure 43: This graph shows alginate gels produced on 04.07.2008 and tested on two different days.  Each set of 
bars has the first day and the second day for each gel type.  The method for producing the gels and measuring 
them is more refined and the errors are lower.   
4.1.7 High Concentration Alginate Gels 
 Homogeneous high Ca concentration gels were produced and measured with the 
optical testing system.  It was found that at differences of .1% in the Ca concentration, 
the system could distinguish between the gels, Figure 44.  The error is very low for the 
gels produced with .1-.4% Ca.  The error is high for the .5% gel because they are cloudy 
and harder to produce consistently.  Additional work needs to be done to find the limit of 
sensitivity of this measuring system.   
04.08.2008 
04.09.2008 
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Figure 44: Scattering of high Ca concentration 3% alginate gels.  .1% - .4% Ca had low error and was 
statistically significant.  The nature of the thicker gels .5% Ca causes greater error because they tend to be 
cloudy.  Refined method for production may help to reduce the error.   
4.1.8 Gelatin samples 
 Gelatin samples were produced and tested mechanically with an Instron and 
optically with the NIR system.  Neither the mechanical tests nor the optical tests could 
distinguish between the gels.  The scattering for all gels between 10 and 20% was very 
low and not statistically significant, Figure 45.  The chord modulus data was also low and 
contained high error, Figure 46.  By thermally crosslinking the gelatin, the crosslinks 
produced are not be of the same nature as the alginate crosslinks and are not appropriate 
for this system.   
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Figure 45: Optical measurements of Gelatin samples. 
 
Figure 46: Compression data for the Gelatin samples.  They contained high error and were not statistically 
significant.   
4.1.9 Time Sensitivity 
 Sample 182 was placed in the optical testing fixture and measured over about 30 
minutes on 04.09.2008, Figure 47.  The system was turned off between the first and 
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second measurements.  The decrease in intensity over time is due to the laser warming 
up.  The system should be turned on at least 30min before testing is done.   
 
Figure 47: Time sensitivity of the measuring system.  The decrease in intensity is due to the laser and other 
electrical equipment warming up.   
4.1.10 Melt Flow 
Melt flow testing was done by a colleague with the same concentrations of 
alginate and CaCl2.  Figure 48 and Figure 49show the data from melt flow correlated 
with the scattered intensity.  The data shows that lower mass at the time points (3s and 
6s) correlate to higher scattered intensity.  The gels that are more viscous, that have lower 
mass measurements at the time points have more crosslinks and scatter more light.  The 
different alginate concentrations have different shapes to the correlation lines, but this 
might be an artifact of the error in the measurements.  More samples with more refined 
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methods could help to develop a more consistent theory.  Three samples per measurement 
were tested, the optical measurements had lower error percentage than the melt flow 
studies.   
  
 
Figure 48: Melt flow measurements at 3s and light scattering data for alginate gels.  The different color lines 
distinguish the alginate concentration while the different lines on each point distinguish the calcium 
concentration.   
Increasing Ca 
.02% Ca 
.06% Ca 
.1% Ca 
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Figure 49:  Melt flow measurements at 6s and light scattering data for alginate gels.  The different color lines 
distinguish the alginate concentration while the different lines on each point distinguish the calcium 
concentration.   
 4.2 The Final Set-up 
 Figure 50 and Figure 51 show the schematic drawing and a photograph of the 
final set-up of the NIR scattering measuring system.  Figure 52 is a photograph of the 
laser passing through an alginate sample in a dark room.  The reason the laser is visible 
within the sample is due to scattering.  Notice that the laser is not visible when passing 
through air because not enough of the incident intensity is scattered to be visible.   
Increasing Ca 
.02% Ca 
.06% Ca 
.1% Ca 
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Figure 50: Schematic drawing of the NIR scattering set-up. 
 
Figure 51: Photograph of the NIR scattering set-up.   
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Figure 52: Photograph of the laser passing through an alginate sample in a glass vial.   
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5. DISCUSSION 
5.1 Light Scattering in Gels 
Inequalities in the dielectric constants of mixtures result in light scattering.  In 
alginate gels the dielectric constant of the crosslinked sections is different from the non-
crosslinked sections, therefore the incident light is scattered.   The intensity of the 
scattered light depends strongly on the shape, size and number of the scattering particles.  
Changes in alginate type and amount as well as changes in ion type and amount (up until 
saturation) will cause changes in scattering intensity because these affect the crosslinks.  
Alginate gels are isotropic gels composed to anisotropic crosslinked sections and 
isotropic loose polymer sections.  Thermal vibrations in the crosslinks are the cause of 
scattered light that is perpendicular to the incident light polarization.  The thermal 
vibrations in the polymer sections will scatter light but maintain the incident vertical 
polarization.  The entire polymer chains scatter light, but only the crosslinks scatter light 
in the perpendicular polarization direction, and the crosslinks are what is of interest.   
5.2 Discrimination Power 
The results show that the optical measuring system can discriminate between 1% 
changes in alginate concentration and at least .1% changes in calcium ion concentration.  
The lower limit of discrimination will be investigated in the future when a final 
measuring system is agreed upon.  It was found that .02% change in calcium ion 
concentration is not large enough to be statistically significant.  Changes in the process 
could increase the power of the measuring system.  The measuring system is only as 
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accurate as the method used to produce the material.  Refinement and automation of the 
gel producing method would make each gel type more consistent.  Large errors between 
measurements of the same material on different days were observed.  These errors could 
be eliminated if the NIR measuring system was combined and mounted into a box which 
would maintain perfect alignment.  The optics space and equipment is shared with other 
students and the recalibration method is not exact.  An improved calibration method for 
the current set-up would reduce error.  When the final production system is developed, a 
calibration protocol would need to be developed to ensure repeatable measurements.   
5.3 CCD Camera 
The CCD camera is accurate and repeatable, but it does not output a number with 
units.  The scattered intensity that has been presented here has all been in relative units.  
This is not a total lost since all the measurements can be related to each other.  However, 
to relate these measurements to other experiments, a system is in development to get a 
quantitative measurement for the scattered light intensity.  Using a photodiode instead of 
the CCD camera, a measurement in volts is achieved.   
A photodiode converts light energy to an electric signal that can be read through an 
analog to digital converter by a computer.  Preliminary tests with the photodiode set-up 
showed lower sensitivity than the CCD camera.  The photodiode also has a higher 
threshold, which means that gels that only scatter a very small amount of light cannot be 
tested.  More work is being done to make this experimental set-up more feasible.   
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5.4 Comparison to Current Technology 
 Rheology is necessary for characterization of hydrogels like alginates.  This is 
expensive, time consuming and destructive.  Viscometers and rheometers can range from 
$5,000 to $100,000.  Only large companies can afford these methods of quality 
assurance.  Optical systems tend to be easier to use than mechanical testing and can be 
cheaper, though this is not always the case.  To date, optical systems are not used as in-
line measurements of hydrogel and polymer production.  The propsed NIR scattering 
technique aims to fill the need for a cheap, effective, non-destructive way to tests 
hydrogels and polymers.    
Table 4: Competitive Matrix comparing the proposed NIR scattering measurement set-up with currently 
available test methods.   
Competitive 
Matrix 
NIR 
Scattering Vicometry Rheology 
Dynamic 
Rheology NMR SAXS 
Cheap 5 4 2 2 1 1 
Fast 5 3 3 2 1 2 
Sensitivity 4 5 5 5 3 4 
Accuracy 4 5 5 5 3 5 
Information 4 3 5 5 3 5 
Size 5 3 3 2 1 2 
Inline 
Measurements 5 1 1 1 1 1 
Low lead time 5 1 1 1 1 1 
Sample Preparation 5 3 4 4 1 5 
Destruction 5 1 1 1 1 5 
Infrastructure 
Adjustments 4 4 3 3 1 3 
Variety of samples 4 4 5 5 2 2 
TOTAL 55 37 38 36 19 36 
 
Table 4  shows the competitive matrix that compares the Proposed NIR scattering 
technique with currently available measuring techniques.  NIR scattering shows clear 
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advantage in the categories of expense, speed, size, inline capabilities, lead time, sample 
preparation and destructiveness.   Currently the NIR scattering has lower accuracy and 
sensitivity than some of the other methods.  NIR scattering also provides less information 
like the complex modulus, than rheological measurements.  In future manifestations of 
this set-up, accuracy and sensitivity can be increased.  Changes in the fundamental set-up 
or equations that correlate scattered intensity with complex modulus could be developed 
to increase the insight into the polymer network gained by NIR scattering.  In addition to 
the afore mentioned future aims, miniaturization of the set-up will make the system 
adaptable to many applications and reduce the need to calculations.   
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